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INTRODUCTION
7
NICU admissions in the study period. The proportions of colonisation and infections were calculated 120 using the crude data collected as the number of colonised or infected babies/total number of neonates 121 admitted during the study period. The two-tailed Mann-Whitney U test for two independent samples 122 was used to compare the STROBE-NI score between studies primarily designed for clinical and those 123 mainly for microbiological purpose. A p-value of less than 0.05 was considered statistically significant. 124
We performed a sub-group meta-analysis along with multivariate meta-regression. [14, 15] Study 125 characteristics extracted for sub-group and meta-regression were: 1) gross domestic product (GDP) 126 (upper-middle-income countries (UMIC), lower-middle-income countries (LMIC), high-income 127 countries (HIC)); 2) pathogen (Klebsiella spp. vs other Gram-negative pathogens); 3) screening timing 128 (once vs twice a week); 4) outbreak (study carried out during outbreak vs not during outbreak). We 129 carried out baby-level and unit-level meta-analyses separately. For baby-level, the meta-analysis was 130 conducted to produce estimated risk ratio (RR) as the measure of group difference (colonisation vs 131 non-colonisation) on the rate of infection. Due to the insufficient data reported for unit-level, we used 132 the Freeman-Tukey double arcsine transformation (arcsine square root transformation [16] ) to 133 calculate the weighted proportion of overall infection rate. We performed the DerSimonian and Laird 134 random-model effect using inverse variance weight method, which takes into account the within study 135 variation and between study heterogeneity. The I 2 statistic was used to describe the variation across 136 studies due to heterogeneity. We defined the level of heterogeneity as low, moderate, and high 137 correspond to I 2 values of 25%, 50%, and 75%. [14] As the small number of included studies, we were 138 unable to carry out publication bias in this present study. [14] The meta-analysis and meta-regression 139 were carried out using STATA version 14.0 (StataCorp). 140
141
RESULTS
142
Study selection and description 143
The search identified 8,543 studies. Among them, 25 papers and 2 conference abstracts fulfilled our 144 inclusion criteria and were included in the final analysis. 5,254 studies were excluded based on the 145 title, 1,338 were rejected on abstract, and 211 were rejected on full text (Figure 1) . 15 studies were 146 selected for the baby-level [4, 6, 8, [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] and 12 for the unit-level analysis. [9, [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] 18 out of 27 147 studies were carried out in high-income countries (HIC), [4, 6, 8, 18, 20, 22-24, 26-28, 30-32, 34-37] 5 148 in upper middle-income countries (UMIC), [17, 19, 21, 25, 29] and 2 in lower middle-income countries 149 (LMIC) [9, 33] , according to the 2016 World Bank Classification (Table 1S) .
[40] 20 were carried out as 150
prospective [4, 6, 8, 9, 18, 20-22, 25-33, 35, 36, 38] and 5 as retrospective studies. [17, 19, 23, 34, 37] 151
Two papers did not provide their study design. [24, 39] 8 studies were carried out during hospital 152 outbreaks. [21, 24, 28-31, 37, 38] 153 Apart from one study, [23] all papers assessed colonisation through rectal swab or stool culture (Table  154 2S). 24 (88.9%) out of 27 studies provided information about timing and frequency of microbiological 155 screening. [4, 6, 8, 9, [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] In nearly half of the studies, rectal/skin swabs were performed weekly 156 through the baby's NICU stay [4, 6, 17, 19, 20, 24-30, 32, 33] whereas in 6 studies neonates were 157 screened twice a week. [8, 21, 22, 31, 35, 36] 158 To evaluate the concordance between colonising and bloodstream isolates, 15 (55.6%) out of 27 159 studies performed genotyping analyses. [4, 9, 20-22, 24, 25, 28-32, 35, 37, 39] Twelve studies 160 genotyped the isolates by pulsed field gel electrophoresis (PFGE) [4, 9, 20, 25, 28-32, 35, 37, 39] general, according to the Newcastle-Ottawa scale, all studies assessed the exposure and the outcome 173 by using secure records, and all of them selected the non-exposed cohort from the same community 174 as the exposed cohort. However, very few studies demonstrated that the outcome of interest was not 175 present at the start of the study and none of them reported a statement about proportion of patients 176 who completed the follow-up (Table 1S) . 177
Baby-level analysis 178
15 studies were included in the baby-level analysis, [4, 6, 8, [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] 3 (20.0%; 3/15) of which were 179 carried out during NICU outbreaks. [21, 24, 28] 7 (46.7%; 7/15) studies provided information about 180 demographic characteristics of the included cohort (e.g. age at screening, birth weight or gestational 181 age) ( Table 3S) . [4, 6, 8, 19, 22, 25, 26] The length of follow-up was reported in 6 studies. [6, 22, [24] [25] [26] 182 28] Five studies reported the interval between colonization and onset of concordant BSI. [8, 13, 16, 
22] 184
Overall, a total of 8,421 neonates were screened for rectal and/or skin colonisation. Among them, 185 1,984 (23.6%) were found to be colonised by GNB. In total, 157 colonised babies experienced a BSI 186 concordant with the colonising pathogen (7.9%). A broad variation was found among the included 187 studies in terms of prevalence of concordant GN-BSIs in colonised babies (range 0.0 -42.8%). In those 188 studies that also reported the number of non-colonized babies who developed a GN-BSI, the 189 proportion of neonates who experienced a GN-BSI was 2. 4% (85/3,583) . showed a different heterogeneity to the overall meta-analysis. To further explore heterogeneity 201 between studies, we performed multivariate meta-regression analysis (Table 1 In those studies evaluating the molecular epidemiology among colonising and invasive strains, PFGE 213 analysis proved to be a very useful tool to investigate the spread and clonality of isolated pathogens, 214 especially in the context of NICU outbreaks. [9, 29-32, 35, 37, 39] 215
Meta-analysis 216
The sub-group meta-analyses results for unit-level are shown in Figure 1S . Results for all within sub-217 group analyses have shown considerable high heterogeneity. This may be due to the insufficient 218 reported data in the included studies. In addition, we were unable to perform the multivariable meta-219 regression model from the available unit-level data. 220
221
DISCUSSION 222
This systematic review included 27 studies, 15 were included in the baby-level and 12 in the unit-level 223
analysis. The quality of reporting assessed by the STROBE-NI statement's checklist was suboptimal in 224 the great majority of the published studies, with a significant difference between those primarily 225 targeting clinical research questions and those focusing on microbiological research questions. Eight 226 studies were carried out during NICU outbreaks. A total of 14,784 babies were screened for gut or skin 227 colonisation. Among babies that were colonised, 7.9% developed a concordant BSI. The overall 228 estimated RRs within sub-groups were similar for GDP, pathogen, and outbreak. In addition, the 229 within-group I 2 estimates for these factors were similar. However, the RRs of GN-BSI comparing twice 230 weekly with weekly screening were 1.24 in the non-colonisation group and 0.95 in the colonisation 231 group with different I 2 estimates. To explore this further, meta-regression analyses were carried out. 232
None of these factors were statistically significant associated with GN colonisation and GN-BSI at the 233 baby-level. Only one study analysed the genotypic relatedness of colonising and invasive pairs of 234
isolates. Due to the insufficient reported data for unit-level, we were not able to further explore the 235 association of these factors and the outcome of interest in present study. 236 This review has several limitations. Firstly, the association between GNB colonisation and GN-BSI in 280 neonates must be interpreted in the light of the small number of included studies and the high 281 heterogeneity in terms of study design, included population, and investigated pathogens. Due to the 282 low number of studies included in the meta-analysis, we were unable to assess publication bias. 283
Different pathogens have been shown to have different impacts on the risk of developing invasive 284 infections in colonised neonates, and pooling data on multiple strains could have biased the 285 results. [42] Lastly, the quality of data reporting was assessed according to the STROBE-NI statement 286 14 checklist. However, this guideline was designed to improve the reporting of observational studies on 287 the epidemiology of neonatal infections, and may not have been entirely suitable for some of the 288 studies included in this review primarily designed for microbiological purpose. However, this is the 289 only specific guidance currently available for the reporting of neonatal infections. 290
The analysis of large prospective cohorts of colonised neonates with their clinical outcomes is highly 291 relevant in order to clarify the risk factors and determinants for invasive infections. This is evident 292 from the observation that although we showed a correlation between colonisation and invasive 293 disease, the majority of colonised babies do not develop systemic invasive infection. Previously 294 published studies did not attempt to link WGS data with clinical outcome nor to ascertain the 295 relatedness between colonising and invasive pathogens. Such information could assist in gaining 296 evidence on pathogenicity determinants and might have a significant impact on the management of 297 neonates with GN-BSIs. If a correlation between gut colonisation and invasive infections is confirmed, 298 easy-to-collect rectal swab data could be used as a proxy, at the patients-or NICU-level, to inform 299 empirical antibiotic treatment in neonates with suspected BSIs. In the LMIC setting, blood cultures are 300 infrequently obtained from neonates, thus readily obtained rectal swabs could be used as a predictor 301 of MDR pattern at unit-level and help identify the optimal antibiotic regimens to be used. In HIC, 302 demonstrating a correlation between colonisation and invasive infections might help define the best 303 strategies for Infection Prevention and Control (e.g. cohorting babies during hospital outbreaks) and 304 to select babies who would benefit most from broad-spectrum antibiotics (for targeted clinical 305 management) and those who can receive more narrow-spectrum antibiotics. 306
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